The satellite P4 phage Delta protein positively regulates the late genes of its helper bacteriophage P2, as well as its own late genes. Delta is a member of a class of activators associated with P2-or P4-like phages and is the largest member of this family. It resembles a covalently joined head-to-tail dimer of the other members of this family of activators. We have analyzed the requirement for both standard domains of Delta through the isolation of amber mutants and the insertion of amber linkers. We show that both domains of Delta are required for DNA binding in vivo and for transcriptional activity. Proper spacing between the two domains is important for activity at two of the four P2 promoters. Expression of both domains from different plasmids causes activation of late gene transcription in vivo of all six late promoters of P2 and P4. A monomric Delta from another satellite phage, fR73, can function efficiently as a covalent dimer but when this Delta is made dimeric with the second half of P4
INTRODUCTION
a covalently joined dimeric activator protein is not required for activation of P2 late promoters by a satellite P4 is a satellite phage that requires a helper such as phage, because a P4-like phage fR73 encodes a Delta P2 to grow lytically (For reviews see Bertani and Six, protein of only 81 amino acids. fR73 Delta, like P4 Delta, 1988; Christie and Calendar, 1990; Lindqvist et al., 1993) .
activates P2 late promoters very efficiently (Julien and The late genes of P2 and P4 are positively regulated by Calendar, 1996) . To analyze the dimeric structure of P4 either the P2 Ogr or the P4 Delta proteins. These proteins Delta, we first determined the number of amino acids interact with DNA centered at 055 in the late promoters that are required for Delta activity by isolating amber of P2 and P4 (Julien and Calendar, 1995, 1996) . The posimutants along the length of the gene. Our results show tive regulators are believed to interact with the RNA polythat most of the protein is required for DNA binding and merase, through the a subunit, to activate transcription transcriptional activation. (Ayers et al., 1994; Halling et al., 1990 ; Sunshine and Since we had a plasmid from the amber mutation anal- Sauer, 1975) .
ysis that expressed the first domain of P4 d and was not Ogr and Delta are members of a superfamily of zinc functional, we constructed plamids that expressed only binding transcriptional activators which also include B the second half of d. This monomeric protein was also not from helper phage 186 (Kalionis et al., 1986a (Kalionis et al., , 1986b , d
functional. However, when we coexpressed both halves from satellite phage fR73 (Sun et al., 1991; Inouye et from compatible plasmids, they were able to function to al., 1991), NucC from a cryptic prophage from Serratia various degrees on all the late promoters of P2 and P4. marcescens (Jin et al., 1996) , and Pag from helper phage Furthermore, when the plasmid expressing the second PSP3 (Julien and Calendar, 1996) . Most members are half of d was coexpressed with each of the amber musmall proteins, less than 82 amino acids, and contain a tants, we observed that only the first 60 amino acids from CX 2 CX 3 AX 2 RX 15 CX 4 CX 3 F motif, where X is any amino acid. the first half is needed to function with the second. The only exception is P4 Delta, which is composed of Finally, we wanted to know if other members of this 166 amino acids and contains two such motifs (Halling superfamily of activators could be made covalently diet al., 1990) . These motifs can be aligned such that Delta meric, either with themselves or with the second half of resembles a covalently linked head to tail dimer.
P4 Delta, and still activate transcription. We chose d from This interesting double domain structure of P4 Delta fR73, since it comes from a satellite phage similar to prompted us to investigate its importance. We know that P4. Interestingly, when we fused two copies of the fR73 d gene, the dimeric form was able to activate transcription as well as the monomeric form on the P2 and P4 (Julien and Calendar, 1995) . Amber mutants were pPL2 with either HindIII, BsmI, or BamHI, treating the generated by exposing the plasmid pBJ47 to hydroxyl-DNA ends with Klenow, and ligating the DNA in the presamine. Plasmid DNA (1-2 mg) was incubated in buffer ence of an XbaI amber linker (CTAGTCTAGACTAG) to (50 mM KPO 4 (pH 6.2) and 0.5 mM EDTA) with 340 mM construct pPL3HindIII, pPL3BsmI-2, and pPL3BamHI, rehydroxylamine at 70ЊC for 30 min or at room temperature spectively. Finally to produce truncated d proteins from overnight. The DNA was precipitated and transformed these amber mutants, pPL3HindIII, pPL3BsmI-2, and into C-2420 pBJ31b, and the cells were plated onto MacpPL3BamHI were cleaved with BspHI and HpaI, and the Conkey ampicillin plates. The next day, white colonies d containing fragments were ligated into the expression were picked and the plasmid DNA was sequenced. plasmid pUHE24-2Bf / which had been cleaved with SalI, treated with Klenow, and then cleaved with NcoI to create b-galactosidase assays pPL6HindIII, pPL6 Bsm1-2, and pPL6BamHI, respectively. P4 or fR73 d expression plamids were assayed in the To construct a plasmid that expressed only the second presence of one of the P2 or P4 late promoter lacZ fusion half of d, pPL2 was cleaved with BsmI, which cuts exactly plasmids. The strain used was C-2420 and the cells were in the middle of d, treated with Klenow, and then ligated grown in M9 supplemented with 0.2% casamino acids. with an NcoI linker. This linker contains an ATG which
The assay was performed as described previously (Julien is designed to initiate translation of the second half of d. and Calendar, 1996) . This plasmid, pBJ29, was then cleaved with NcoI and HpaI, and the 271-bp fragment was ligated into pUHE24-Growth of bacteria and phage 2BF / which had been cleaved with SalI, the DNA treated with Klenow, and then cleaved with NcoI to create pBJ50.
Bacteria were grown in LB. P4 phage were grown and The ATG within the NcoI site in pUHE24-2Bf
/ is posistored as previously descibed (Kahn et al., 1991) . tioned downstream of a Shine-Dalgarno sequence and as such, will efficiently initiate translation. To construct Construction of C-2439 a version of pBJ50 which is compatable with ColEI plas-C-2439 was constructed by transducing the supD gene mids, pBJ50 was cleaved with XmnI and PstI and the d linked to zed508::Tn10 with P1 from K693 into C-2420 containing fragment was ligated into the pGZ119EH using the method previously descibed (Sternberg, 1991) . which had been cleaved with XhoI, treated with Klenow, Transductants were screened for their ability to support and cleaved with PstI.
the growth of a P2 amber phage. Plasmids that fused two copies of the fR73 d gene or fused fR73d with the second half of P4 d were conWestern blot analysis structed. First, a NcoI site was introduced into pBJ11 beginning at nucleotide 235 of the fR73 d gene, making Cells (C-2421 pRG1) containing a d expression plasmid were grown in LB to an optical density at 600 nm of 0.5 pBJ35. Next, the 892-bp NcoI to EcoRI fragment from pBJ35 was ligated into pBJ11 which had been cleaved and then induced with 1 mM IPTG. After 1 hr incubation, the optical density of the culture was determined and 1 with EcoRI and partially cleaved with BspHI to construct lacUV5 promoter with site I from the P4 sid promoter fused This work to lacZYA ml was removed and spun in a microfuge to pellet the and 3 ml was run out on a 12-19% gradient SDS-polyacryalamide gel. After electrophoresis, the proteins were cells. Sample buffer (Laemmli, 1970) was added to the cell pellet (2 ml per 0.1 optical density at 600 nm), boiled, transferred to a membrane using a semi-dry blotting ap-paratus. The blot was probed with rabbit antibodies diwere assayed in vivo for their abilities to activate the P4 P sid -lacZ fusion plasmid (pBJ31b), and the results are rected against purified Delta and the Delta proteins were visualized using the chemiluminescent detection kit from shown in Fig. 1 Thus, most of Delta is required for activity, and the first promoter should be repressed in the presence of Delta domain of Delta is unable to function, even though it and mutants of Delta unable to bind DNA can be easily resembles other activators in this superfamily. screened using lactose MacConkey plates. This hybrid
The mutant proteins were also assayed on the four P2 promoter was made by PCR amplifying the promoter with late promoters, P O , P P , P V , and P F , and the other P4 late a primer containing the d binding site. The primers used promoter P LL . This was done because it has been found for the amplification were a 30-mer PstI primer (clockthat the P4 sid promoter is unique among the P2 and P4 wise) for pBR322, which was purchased from New Enlate promoters. In addition to the activator binding site gland Biolabs and a 47 mer containing the lacUV5 profound centered at 055 in all the late promoters, the sid moter with the site I d binding site from P sid . The amplified promoter contains an additional binding site centered at fragment was cleaved with PstI and ligated into the PstI 018 (Julien and Calendar, 1995, 1996) . This additional and EcoRV sites of pBluescriptSKII / to construct binding site alters the specificity for different activators pUV5DBS. Next, this hybrid promoter was fused to lacrelative to the other promoters; activators from helper ZYA by cleaving pRS229 with BamHI, treating with phages work more efficiently on this promoter, whereas Klenow, and cleaving with PstI. The hybrid promoter was satellite phage activators activate transcription better on ligated into these sites on a 826-bp PstI and HincII fragthe other late promoters (Julien and Calendar, 1996) . To ment. This plasmid is designated placUV5DBSZ. Finally, be certain that this additional binding site was not affectwe crossed this hybrid promoter fused to lacZYA onto a ing the activity of these mutant proteins, we visually lambda phage, lRS45, in vivo, and identified phage which screened each mutant with each late promoter-lacZ fucarried this fusion as blue plaques on LB Xgal plates sion. This was accomplished by plating cells containing seeded with C-2420. Cells from the blue plaques were a plasmid expressing a mutant form of d and a late proisolated and tested for the presence of the l prophage moter-lacZ fusion onto MacConkey lactose plates and on LB Xgal plates and the lysogenic strain was given the noting the color of the colonies. The Delta mutants prodesignation C-2457. The strain C-2456 was constructed duced similar colony colors with the other late promotsimilarly as C-2457 except the l prophage contains the ers-lacZ fusions compared with colonies carrying the lacUV5 promoter from pRS475. This strain was used as P sid -lacZ plasmid (data not shown). Mutant proteins not a negative control for testing the in vivo binding of Delta.
active on P sid were also not active on the others promotTo screen the mutant proteins for their ability to bind ers, and those that showed activity on P sid also showed DNA in vivo, C-2456 and C-2457 were transformed with similar activities with the others. pRG1, a LacI producing plasmid, and a plasmid expressing the wild-type or mutant form of d. Cells were then Western blot of mutant proteins plated on MacConkey plates containing ampicillin and kanamycin and the color of the colonies was analyzed;
To determine whether the lack of activity of the mutant white colonies indicate the binding of d to DNA, whereas proteins was due to the synthesis of inactive proteins or red ones indicate failure of d to bind DNA. the instability of the truncated proteins, we electrophoresed crude extracts from induced cells carrying plas-RESULTS mids containing the amber mutations on a gradient polyacrylamide gel, and detected the Delta proteins immunoCharacterization of d amber mutants logically (Fig. 2) . The upper band in lanes 2-9 identifies a protein that cross-reacts with d antibody, since it is To analyze the importance of the structure of P4 Delta, we isolated a variety of amber mutants by hydroxylamine also present in lane 10, which contains no d expressing plasmid. The results show that most of the proteins are or site-directed mutagenesis and by the insertion of amber linkers at three unique restriction sites. The 8 produced in detectable amounts. The two shortest proteins, containing 28 and 49 amino acids, are not detectamber mutants produce polypeptide chains of 28, 48, 60, 82, 120, 125, 134, or 148 amino acids. All of these mutants able, and Delta with 60 amino acids is produced to lower levels than the larger Delta mutants. However, the differ-1993). This may also be true for Delta with only 48 and 28 amino acids. ence seen with the smaller peptides may be due to the inability of the antibody to recognize these proteins. The
Coexpression of the first and second domains results protein with 28 amino acids would not be able to bind in active Delta zinc, due to the absence of the second pair of cysteines. Because of the lack of zinc binding, it would not be preSince one of the mutants produced a protein with the dicted to fold into a structure that would be recognizable first domain, we next constructed a plasmid that exby the antibody. It has been shown that an Ogr protein pressed only the second. By adding an NcoI linker, which less than 52 amino acids is unstable (Gebhardt et al., contains an ATG, at the BsmI site, located in the middle of d, we were able to start translation when this second half was ligated into the expression vector pUHE24-2Bf / . When this mutant was assayed on each of the late promoters fused to lacZ, there was little activity. In addition, it does not bind DNA as tested by the in vivo binding assay. We also assayed the plasmid which expresses the first domain, pPL6BsmI-2, on each of the late promoters and showed that it, too, has little activity. However, when each half was coexpressed and assayed with each promoter, activity was reconstituted at levels of 30-78% (Table 2) .
To be certain that the low level of activity seen with each domain is not significant, P2 del15, which carries a Activity is expressed in Miller units (Miller, 1972) .
each half of P4 Delta contains information which is used DNA binding of truncated Delta proteins for binding DNA and transcriptional activation. In addiNext, we analyzed the ability of these mutant proteins tion, these two domains do not have to be covalently to bind DNA using an in vivo binding test (Fig. 1) . This linked to be active.
was accomplished by replacing the LacI binding site Next, we determined how many amino acids of the from the lacUV5 promoter with site I from the P4 sid first domain are required to function with the second. This promoter, and this modified promoter was inserted upwas accomplished by coexpressing each of the amber stream of the lacZYA genes. Thus, the lactose operon mutants with the second half of Delta. The results in should be repressed in the presence of one of these Table 3 are expressed as a percentage of activity when activators. This binding assay works for both P4 Delta the wild-type d gene is assayed in the presence of the and fR73 Delta, but does not work for P2 Ogr or PSP3 second domain. Interestingly, only 60 amino acids from Pag (data not shown). The reason Ogr and Pag may not the first domain are required to restore activity with the bind efficiently to site I in this modified promoter may be second. This activity increases slightly when a complete due to the additional requirement for site II from the sid first domain is used. However, activity appears to depromoter to bind efficiently to site I. We have shown crease if a protein larger than the first domain is assayed that Ogr and Pag activate transcription better on the sid with the second domain. This interference is also seen promoter, which has two activator binding sites, than when P2 del15 is plated on cells coexpressing the secon promoters that have one. P4 d and fR73 d activate ond domain with the G117SLDam Delta mutant. Unlike transcription more efficiently at promoters that contain the results obtained with coexpression of the first and a single binding site. Thus, this difference in promoter second domains, the coexpression of the second domain specificities between these activators may explain the with G117SLDam results in no growth of P2 del15 (data difference in their ability to bind to site I in the modified not shown). Thus, the data show that 60 amino acids lacUV5 promoter. from the first domain are sufficient to function with the Since P4 d does work in this binding assay, we anasecond, but the optimal activity is obtained when the lyzed the mutant proteins' ability to repress transcription complete first domain is expressed with the second. In from this modified promoter. The data show that the muaddition, increasing the length of the first domain to intant proteins that are inactive also produce red colonies clude part of the second inhibits the ability of the second when expressed in C-2457, which indicates that they are domain to interact with the first.
unable to bind to site I from P sid in vivo (Fig. 1) . Because the three shortest mutant proteins may not be stable, we we were able to examine the effect of these insertions P135am 64 on Delta by assaying these mutants in a supD suppres- located after the second pair of cysteines in the first domain of Delta (See Fig. 1 for the location of insertions). In a supD strain, six amino acids are inserted in this Construction of dimeric forms of fR73 d region. The results (Table 4) show that the insertion of Because the P4 Delta protein is the only member in these amino acids inactivates Delta. The next mutant this family of activators that is dimeric, we investigated has an insertion of four amino acids between the two the possiblilty that other members would be functional if domains. Interestingly, this causes an increase of activity they were made dimeric. We chose the fR73 Delta proon P sid . Finally, the last mutant has an insertion of six tein because of its similar specifity for the late promoters amino acids between a pair of cysteines located at posias P4 Delta. A natural dimer of two copies fR73 d was tions 113 and 118. This mutant retains 33% activity. This constructed and assayed on P sid . Surprisingly, it was is somewhat surprising, since this insertion affects the almost as active as the wild-type protein (Table 6) . We spacing between a pair of cysteines. Because these cysfurther assayed this protein on the other late promoters teines are thought to coordinate zinc, the insertion might by noting colony color on lactose MacConkey plates. be predicted to disrupt the binding of zinc. However, from This dimeric fR73 d protein was fully active on all the the 33% activity this mutant retains, it is still able to bind late promoters. Next, we constructed a chimera that some zinc. fused fR73 d with the second half of P4 d. When tested Because of the increase in activity seen with the inseron the late promoters, it showed lower activity than with tion of four amino acids at the BsmI site on P sid , we the fusion of two fR73 d molecules, with activities rangassayed this mutant on the other late promoters in ing from 6 to 45% of wild type. C-2439. Table 5 shows that this insertion causes variable activity on the different promoters. On three of the late DISCUSSION promoters, P F , P V , and P sid , the activity is greater than wild type. With P LL the activity is only slightly lower. InterIn this work, we have analyzed the requirement for the estingly, P O and P P show a dramatic decrease in activity.
double domain structure of the P4 Delta protein. Although This effect may be explained by the arrangement of these all the other members of this superfamily of activators two promoters within the P2 genome: they are divergently are monomeric, P4 Delta is unable to function with only transcribed from the same activator binding site. Thus, a single domain and requires most of the protein for if P4 Delta is lengthened, it may interfere with positioning activity (Table 3) . However, active Delta can be obtained of the RNA polymerase at both promoters, thereby reducwhen each domain is coexpressed from different plasing activation from these promoters. mids (Table 2 ). This indicates that both halves are required for binding DNA at site I from the P4 sid promoter amino acids are required for activity (Julien, 1994) . Thus
